NTRODUCTION
Mutants with alterations in outer membrane functions can be expected to give valuable information about the structure and function of the outer membrane. In a previous paper (Sukupolvi et al., 1984) the isolation of three classes of such mutations was described in Salmonella typhimurium. The permeability of the outer membrane to hydrophobic agents was increased in all these mutants, but their relative sensitivity to various hydrophobic agents differed. No changes in outer membrane proteins, lipopolysaccharide or phospholipids or leakage of periplasmic enzymes were observed in any of them (Sukupolvi et al., 1984) . Two of the classes of mutations were localized in genes, one at position 5-7 and the other at 7-1 1 on the 100 unit Salmonella chromosome map. The position 7-1 1 is very close to the site (position 10) of a previously described acrA mutation of Escherichia coli, whose phenotypic effects are also similar (Coleman & Leive, 1979) . However, a map position was not found for the third class of the mutations. We have now continued its genetic characterization, and the data reported here explain the previous difficulty. The preliminary term SS-A (for supersensitive class A) will be used for this mutation, because the function of the gene product is not yet known. This class of mutations makes the bacteria sensitive to several hydrophobic antibiotics without causing sensitivity to detergents or serum bactericidal activity. (Cohen et al., 1973) . pBE-plasmids derived from pRS29 and pRS31 are t The cloning vector used was pACYCI84 (Chang & Cohen, 1978) .
$ The cloning vector used was pUC8 (Vieira & Messing, 1982) .
described in Table 4 .
METHODS
Bacterial strains,plasmids and culture media. The bacterial strains used are described in Table 1 , and the plasmids in Table 2 . Plasmids pSClO1, pRS27 and pRS31 were from P. A. Manning (University of Adelaide, Adelaide, Australia). Plasmid pRS29 and pBE-plasmids were from R. A. Skurray (Monash University, Clayton, Victoria, Australia). The standard medium used for cultivation of the bacteria was Luria broth or Luria plates (Maniatis et al, 1982) . The antibiotic concentrations in Luria plates used to score for the presence of transposons of plasmids were 30 pg mi-' for kanamycin, 10 pg ml-I for tetracycline and 50 pg mi-' for ampicillin. The sensitivity to hydrophobic antibiotics (fusidic acid, novobiocin, erythromycin and vancomycin) was tested by the agar diffusion method, using antibiotic discs, as described previously (Sukupolvi et al., 1984) .
Mating procedures and strain construction. Matings with either Hfr or F' donors (Sanderson et al., 1972) were done with a recipient-donor proportion of 10: I in Luria broth incubated at 37 "C for 1 h. After the incubation, serial dilutions of the mixture were spread on appropriate selective plates.
Strain SH7940, with transposon TnS close (>90% cotransduction) to the mutant allele of the SS-A gene, was constructed basically as described for a corresponding construction with Tn5 close to the wild-type allele of this gene (Sukupolvi et al., 1984) . Briefly, after the transduction of the Tn5-linked wild-type allele from Salmonella strains previously described (Sukupolvi et al., 1984) into the mutant strain, a derivative was isolated which had obtained TnS but not the wild-type allele. The transducing phage was grown on this derivative and the cotransduction of Tn5 and the mutant allele was shown by transducing them back into the parent strain.
TraT and a permeability mutant of Salmonella 208 1
Plusmid methods. Plasmid DNA was isolated by the rapid alkaline extraction method of Birnboim & Doly (1979). Agarose gel electrophoresis was done in a flat bed apparatus (Sharp et al., 1973) ; the agarose concentration was 0-5 or 0.7%.
Transformation of E. coli and S . typhimuriurn was done by the procedure of Mandel & Higa (1970) . The transformation frequency of S . typhimurium, determined with the small cloning vector pSClOl, was 50-100 times lower than that of E. coli, even though the S . typhimurium recipient (SH6749) was restriction-negative for two of the three restriction-modification systems of Salmonella (Table 1) . To test for incompatibility of plasmids, the plasmid to be tested was introduced by transformation into a bacterial strain already carrying a plasmid. The transformants (50 for each transformation) were purified by single colony isolation on plates containing the appropriate antibiotic to select for the presence of the incoming plasmid, after which the presence of the original plasmid was tested on plates containing the antibiotic identifying it. The presence of F plasmids in different strains was confirmed as described previously (Sanderson et al., 1972) .
R E S U L T S
The efect of F on the supersensitive phenotype of the SS-A mutant A series of preliminary mating experiments were done using different Hfr donors [Hfr H 1, H2, K10 and K1-2 as described by Sanderson et al. (1972) l and the SS-A mutant SH7640 as recipient. Selection for the transfer of trp+, his+, ilv+ or met+ yielded inconsistent results. Resistance of the recombinants to novobiocin and fusidic acid (typical of the SS-A+ phenotype) did not show linkage to any particular gene; instead it was found to correlate with the presence of F in the recombinants. In particular, matings with Hfr H1, in which F is stably integrated in the chromosome (Sanderson et al., 1972) , gave no SS-A+ recombinants, whereas a high proportion of recombinants derived from matings with the other, unstable Hfr strains were SS-A+. Thus these experiments did not reveal the map position of the SS-A mutation, but instead suggested a phenotypic suppression by a product of the F plasmid itself.
To confirm this inference, strain SH7640 was mated (2 h in broth) with strain SW1365, carrying the F' plasmid F13. Selection was made for Lac+, determined by F13; 20 transconjugants were tested for Lac+ GalE-as well as for sensitivity to the hydrophobic antibiotics fusidic acid, erythromycin, novobiocin and vancomycin, to which SH7640 is sensitive. All the transconjugants were GalE-(like the recipient, SH7640), Lac+ (and thus carry F13) and as resistant to the above-mentioned antibiotics as the wild-type parent strain SH6749 (Table 3) . These results suggested that a product of the F plasmid restored normal outer membrane permeability to the SS-A mutant, but did not reveal a map position for resistance. By contrast, the transfer of F13 into strains with the SS-B or SS-C mutations did not restore the wild-type phenotype (data not shown). Thus some gene product or products of the F plasmid were able to normalize the increased outer membrane permeability caused by the SS-A mutation, but not that in other types of supersensitive mutants.
The introduction of cloned tra operon fragments into the SS-A mutant
The F plasmid codes for several outer membrane proteins (Achtman et al., 1979; Kennedy et al., 1977) . To test the possibility that one of these was responsible for the phenotypic suppression of the antibiotic sensitivity caused by the SS-A mutation, separate segments of the F transfer region were introduced into the SS-A mutant. The chimeric plasmids pRS27, pRS29 and pRS31 (Table 2 ) and, as a control, the cloning vector pSClOl were used to transform the SS-A mutant SH7640. The tetracycline-resistant transformants were then tested for their sensitivity to hydrophobic antibiotics, using Luria agar containing tetracycline to ensure the presence of the plasmids (Table 3) .
Neither plasmid pRS27, carrying the genes traA, L, E, K and B, nor pRS29, carrying traC, F and H , had any effect on the phenotype of SH7640. In contrast, the introduction of pRS31, carrying traS, T, D and I, resulted in complete normalization of the SS-A mutant phenotype.
One of the gene products of this clone, the TraT protein, is an outer membrane protein (Achtman et al., 1979) , and seemed therefore an attractive candidate for the gene product responsible for the phenotypic effect. 
Another set of plasmids carrying cloned tra genes from the R6-5 plasmid was available. R6-5 is a multiple antibiotic resistance plasmid of the FII incompatibility group, and its tra operon has strong homology to that of the F plasmid (Achtman et al., 1978~). The antibiotic sensitivities of the transformants obtained when plasmids pKT107 and pKT147 were transformed into the SS-A mutant SH7640 are shown in Table 3 . pKT107, carrying genes traS, T and D, normalized the phenotype of the SS-A mutant, as did plasmid pRS3 1, which carries a similar tra fragment. The effect of pKT147, which is a hydroxylamine-induced derivative of pKT107 and which produces little or no TraT protein, was very slight (Table 3 ) and clearly different from that caused by clones carrying the traT+ gene. This plasmid was not investigated further since other, better-characterized plasmids were available.
The role of traT
To separate the effects of the three tra genes traS, T and D, two further plasmids were used. pDOC2 contains a 1.3 kb DNA fragment from pKTl07 in which the only complete tra gene is traT. Plasmids pDOC2 (traT+) and its traT derivative pDOC5 were transformed into the SS-A mutant SH7640, and the antibiotic sensitivities of the transformants tested ( Table 3) . The traT gene alone completely normalized the outer membrane permeability of the mutant; the transformants with pDOC2 were as resistant as the wild-type parent strain SH6749. The introduction of pDOC5 (with the traT deletion) had no effect on the mutant phenotype.
To confirm the role of traT, the effect of mutations in various tra cistrons was examined. The pBE-plasmids are derived from pRS29 and pRS3 1, which contain tra genes from the F plasmid; the point mutations in tra had been selected after treatment of the plasmid DNA with hydroxylamine (Achtman et al., 1980) . The antibiotic sensitivities of the transformants of SH7640 with the pBE-plasmids (Table 4) showed that those pBE-plasmids which had a functioning traT gene were able to complement the SS-A mutant phenotype. The transformants which had received the plasmid with the traT246 mutation were as sensitive to the hydrophobic antibiotics as the recipient strain SH7640. In corroboration with previous data, none of the plasmids derived from pRS29 (which carried traC, F and H ) could normalize the permeability of S H 7640.
The complementation of'the SS-A mutation by the traT gene product is not dependent on the copy number of the traTgene The experiments in which the introduction of an F' plasmid normalized the phenotype of the SS-A mutation (Table 3) suggested that this normalization might not be dependent on the copy number of the gene responsible for this complementation -the F plasmid is, like most large plasmids, present at a very low copy number (1-2 copies per chromosome) (Willetts & Skurray, 1980) . t Sensitive = as sensitive to hydrophobic antibiotics as the SS-A mutant SH7640 (see Table 3 ); resistant = as and pBE41 and 42 by Achtman rt a f . (1978h).
resistant to hydrophobic antibiotics as the parent strain SH6749 (Table 3) .
We also tested the effect of traT in three cloning vectors with different copy numbers. Plasmid pRS31, derived from pSC101, had a low (5-6) copy number (Cohen et al., 1973) ; pKT107, derived from pACYC184, had a medium (about 20) copy number (Chang & Cohen, 1978) ; and pDOC2, derived from pUC8, had a high (about 100) copy number (Vieira & Messing, 1982) . All these plasmids carrying a functioning traT+ gene were able to completely normalize the SS-A mutant phenotype of SH7640, independent of their copy number (Table 3) .
The SS-A mutation occurred in a gene of the Salmonella virulence plasmid
To examine the possibility that the SS-A mutation is located in the 60 MDa virulence plasmid (previously called the cryptic plasmid; Jones et al., 1982; Smith et al., 1973) of S . typhimurium, we introduced this plasmid from S . typhirnuriurn strain SL2965 into the SS-A mutant by transformation. To facilitate the selection of transformants, the incoming plasmid pEX 102 carried transposon TnlO encoding tetracycline resistance. All transformants with pEX102, identified by their resistance to tetracycline, no longer exhibited the supersensitive mutant phenotype, and were as resistant to hydrophobic antibiotics as the parent strain. Two explanations for this were considered. Firstly, that some gene product(s) of the virulence plasmid were able to normalize the increased outer membrane permeability caused by the SS-A mutation, in a similar manner to the TraT protein of F-like plasmids. Secondly, that the introduction of a plasmid carrying the wild-type SS-A gene had resulted in the elimination of the original plasmid present in the SS-A mutant, indicating that the SS-A mutation was located in the virulence plasmid.
To decide between these alternatives, we tagged the SS-A mutant gene by inserting Tn5 (coding for kanamycin resistance) very close (> 90% cotransduction by P22) to it (Sukupolvi et al., 1984) . If the SS-A mutation was located in the virulence plasmid, both the mutant gene and the nearby located Tn5 would be eliminated from transformants that had received pEX102 (carrying TnlO) as the incoming plasmid (plasmid incompatibility test). pEXlO2 was introduced into SH7940 (zzx-2554 : : Tn5) by transformation, selecting for tetracycline resistance. All 20 tetracycline-resistant transformants tested were sensitive to kanamycin, indicating the loss of Tn5, and had the typical SS-A+ antibiotic resistant phenotype. This suggested that the SS-A mutation with Tn5 close to it had been on the virulence plasmid of SH7940, and the plasmid was then replaced by the incoming plasmid pEX102, which is of the same incompatibility group.
To confirm this, plasmid DNA was isolated from the SS-A mutant SH7940 (zzx-2554: : TnS), and was introduced into the wild-type S . typhimurium (SH6749) and into E. coli HBlOl by transformation, selecting for kanamycin resistance. Both these strains were initially completely resistant to the hydrophobic antibiotics novobiocin, fusidic acid, erythromycin and vancomycin, but all 50 kanamycin-resistant transformants of SH6749 and HBlOl tested showed a phenotype identical to that of the SS-A mutant; they were sensitive to all these hydrophobic antibiotics. The introduction of pEX102 (SS-A+, TnlO) in a similar transformation (selecting for
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tetracycline resistance) had no effect on the resistance of the plasmidless HBlOl to the four hydrophobic antibiotics.
DISCUSSION
The finding that the TraT protein encoded by F-like conjugative plasmids completely normalized the increased outer membrane permeability caused by the SS-A mutation suggests that the product of the SS-A+ gene may be a TraT-like protein. The SS-A gene is located in the large plasmid of S. typhimurium, which has been shown to hybridize (albeit weakly) to a radioactive traT gene-specific DNA probe (Montenegro et al., 1989 , indicating that it contains a traT-like gene. Further studies are in progress to confirm this suggestion.
If the SS-A gene product and the TraT protein were homologous, is a TraT-like protein necessary for the normal hydrophobic resistance of the outer membrane? This would be the simplest explanation for the results shown here. However, many strains of S. typhimurium or E. coli carry neither plasmids nor traT-like genes (Montenegro et al., 1985) , but are nevertheless resistant to hydrophobic agents (Vaara et al., 1985 ; data on E. coli HBlOl above; unpublished data). In addition, the fact that the introduction of the Salmonella plasmid with the SS-A mutant allele into a plasmidless E. coli strain resulted in increased sensitivity to hydrophobic antibiotics indicates that it is not the lack of the TraT protein but rather the presence of an abnormal SS-A protein that impairs the resistance of the outer membrane. However, a mutant SS-A protein together with normal TraT (complementation of the SS-A mutation by plasmid-carried traT+, as shown in Table 3 ) again leads to unimpaired resistance, suggesting that the SS-A gene product is, like the TraT protein , present in a multimeric form in the outer membrane.
None 
